Dealing with historical knowledge is a complex task as it involves specific approaches modelling and know-how. Heritage objects are historical witnesses with life cycles that are difficult to clearly identify. In this paper, we discuss the possibilities of managing such a heterogeneous content through a PLM system that concentrates on historical knowledge and museums. Based on previous research in the field of advanced industrial archaeology, we demonstrate our process through an industrial research and development project with a history museum.
Introduction
Museums of history and science contain many witnesses to human knowledge. These cultural and technical heritage objects represent a social and economic opportunity but one that is often neglected. Dealing with historical knowledge implies specific approaches. Conservation issues and management of historical points of view lead to complex processes. In addition, the heterogeneity of heritage objects and people's associated knowledge implies significant modelling issues. In addition to this complexity inherent to historical research methods, museums have to face mediation problems and conservation policies. For more than ten years, digital technologies have been used for conservation and promotion of cultural heritage (CH). They have a significant impact on the conservation and promotion issues related to CH. On the one hand, they bring new solutions to human science questions and, on the other hand, they create new means to explore and interact with our historical heritage (Roussou, 2002; Champion, 2011) .
However, there is still a lack of methodology for the management of CH knowledge, from its identification to its promotion. This process covers the conservation stages but also the dissemination of historical knowledge. Much work has been done on the proposal of methodologies for artefact digitisation (3D or 2D) and promotion, especially in archaeology. In addition to the digitisation of CH artefacts, other work focuses on data management, especially related to Linked Data on the web such as the Europeana project (Doerr, 2003) . The semantic web and the web of data improve the interoperability between data repositories but also between automated data processing. Such an approach focuses on data access and thus implies a consensus in the modelling process. As far as we know, there is no interdisciplinary method for the process of creating, modelling, visualising and capitalising historical knowledge. This is due to the complexity and the diversity of CH artefacts, as well as the necessity of interdisciplinary approaches. There is, however, a need for this kind of methodology. It would assist the work of many actors: museums, historians, public administrations. Museums need to share information with different actors (curators, mediators, etc.) and in different forms (labels, mediator discourse, legal information for national inventory, etc.). From the acquisition to the promotion of CH testimonies, museums need to provide and master several information management processes for multiple access to information. This paper provides an example of how PLM system can be used and customised for such a different approach. Our contribution lies in the proposition of an operational framework that could be depicted as a PLM for museology 1 and how it could act as a new standard for CH documentation quality certification. Based on feedback from a five-year project with a history museum, our framework aims at defining best practices for museology. It also enables actors to share and disseminate scientific knowledge related to museum collection objects. Thanks to industrial engineering methods, we propose a way to model historical information, combine different points of view, promote highlighted knowledge and capitalise it. Contrary to the usual approaches in the field of museology, our approach enables museum professionals, historians and various contributors to interact on the same objects and share their knowledge.
Industrial engineering as an inspiration for museum organisational issues

Museum information management processes
Museum processes can be seen as any other company processes. A systemic analysis would lead to different goals and organisations in comparison with industrial companies. The main difference comes from the nature of manipulated objects. The life cycle of products is remarkably different from those in the contemporary design process: the accumulation of knowledge is made retrospectively. It should be used to understand the life of the object, the influence it has had in a given space-time, and the influence of the space-time evolution of the object (Ermine et al., 2004) . Therefore, the goal is not related to manufacturing process optimisation. Another significant difference comes from the multi-dimensionality of the knowledge. Reverse capitalisation of CH knowledge requires intersecting object lifecycles and links between multi-dimensional information.
Museums also have issues in common. They need to share information among different players (curators, mediators, etc.) and using different forms (labels, mediator discourse, legal information for national inventory, etc.). Figure 1 highlights the different processes that are challenging museums' organisation. It illustrates the starting point of our museum PLM system proposal. From the acquisition to the promotion of CH testimonies, museums need to carry out many information management processes in order to provide multiple access (red squares) to information (ICOM, 2016) . The two-ways blue axis illustrates the need to combine tangible, physical information about CH objects with virtual information. Museums therefore need to adapt their processes to social and technological trends. People's behaviour and habits regarding their CH change over time. Visitors do not want a simple list of objects and therefore. History museums have adapted their discourse. CH objects are displayed according to a coherent discourse designed by curators. Visitors also expect new ways of interaction with objects and contents. They want to take part in the process and express their feelings. Moreover, people change their technological background and expect new features such as recent multitouch displays or virtual, 3D exhibits. In addition to those social and technological issues, museums need to improve their different functioning processes. Besides being expensive, the creation of new promotion applications is a time and people consuming process. Due to the fast evolution of technology, museums need to optimise such process to make them reproducible. A reproducible method for capitalisation and modelling of historical knowledge would be the answer to many problems, e.g., it would enable the setting up of a reading grid for CH preservation as recommended by Cotte (2012) and UNESCO (2011) . Historical knowledge is based on a complex information management process. Historians need to question many heterogeneous sources which are usually incomplete. Moreover, they have to analyse several dimensions: geography, various time periods (machinery functioning cycles, technology evolution, etc.), and themes. Finally, they need to compare various pieces of information to provide the most accurate analysis.
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This approach is crucial to contextualise CH objects; objects on their own do not reveal much about their transformations, lifecycle phases, related know-how and so on. Visualisation facilitates this appropriation of CH and provides the ability to combine role-playing while representing EPOCH dynamics, and object context. Passive visualisation, however, is not sufficient to provide a full experience of a CH context. This can be overcome by advanced mixed reality techniques (Gaitatzes et al., 2001; Gillings, 2005; Gabellone, 2009) .
Information and communication technologies (ICT) may have lead to promotion interfaces improvement but the critical process (and the most expensive) is the creation of an historical content. This requires time-consuming research, source aggregation, analysis and validation processes. To avoid one-shot applications that include the historical content in the software part of the application, and prevent created knowledge from being re-used, dedicated databases are a good insight. The separation between knowledge organisation frameworks and knowledge retrieval systems gives the ability to design adaptative, scalable interfaces. It also brings more flexibility for knowledge management.
Some recent work has shown the potential of web ontologies and semantic web technologies to efficiently model historical and CH data (Sinclair et al., 2006; Eide et al., 2008; Janowicz, 2009; Isaksen, 2011; Nuessli and Kaplan, 2014) . These technologies rely on domain ontologies such as the CIDOC-CRM (ISO 21127:2014 (ISO 21127: , 2014 . This approach combines formal models to define entities and their possible connections. It enables automatic data processing (text processing, text comparisons) and information system interoperability. The main objective of such work is to provide crossings among the different existing repositories and to make computers able to perform inferences. Nevertheless, the process of modelling data with ontologies does not suit the working methods of historians and curators. This approach needs weighty processes such as model alignment. Furthermore, it scarcely enables multiple points of view of the same information: an ontology is defined through a consensus among the authors of the model. It implies an a priori model of the subject area which every actor would agree on. Yet, the process of historical research implies an a posteriori interpretation. Thus, a knowledge management methodology should not impose a pre-defined model in the modelling process. Our goal is to enable experts to capitalise knowledge and define their own vision that will be instantiated later in the model. In addition, our methodology needs to handle CH issues such as conservation and promotion.
The management of museum collections is usually provided by particular software 2 (usually a specific Database Management System -DBMS -for museums) associated with a thesaurus. These DBMS often have a proprietary licence, that limits interoperability and implies specific skills. However, only people related to the administration of collections (museum curators, conservators, system administrators, research associates) work on the museum collection database. Although cultural mediators are the first link between visitors and collection objects, they cannot interact with the collection management system. The information contained in the database is also often codified in a well-specified and structured thesaurus. Knowledge of technical teams involved in the maintenance of cultural promotion systems are not taken into account in the system, except for some characteristics such as luminosity maximum rate. In the case of temporary exhibitions, whose aim is to exhibit heritage objects related to a particular theme, some objects are provided by donors. However, some of these objects are merely loaned whilst other objects are permanently left to the museum. It often happens that many museums work together and exchange objects from their own collections in order to create an interesting exhibition. However, only objects definitively bequeathed to the museum are then digitised and loaded into the collections management system (through an historical sheet). Even if the exhibition is stored in the database as an event and linked to exhibited objects, the whole process of the exhibit design and discourse is not capitalised.
Industrial engineering inspiration
Industrial engineering through its methods and tools has been proven useful in the CH field (Laroche, 2008; Hervy et al., 2013) . They give access to the capitalisation of complex objects especially industrial artefacts. Industrial companies' information management techniques such as product lifecycle management (PLM) operating systems provide efficient ways to capture information for co-working (Kiritsis et al., 2003; Terzi et al., 2010; Assouroko et al., 2012) . They are based on a common product data model that can be specialised depending on the field of application. There is, however, a significant lack of information regarding the long-term evolution of objects and heritage objects are concerned by this issue. As we cannot imagine what will become of CH objects in the future, we have to identify and to link significant data and knowledge provided by experts (historians, museum curators, etc.). This will enable museums to organise the vast amount of knowledge they have so as to improve collection management. It will also improve cultural promotion and innovation thanks to digital projects. If we look at the number of such projects all over the world, they are increasing significantly.
Moreover, tools from engineering sciences can be used for the capitalisation and redesign of old physical objects (Weiss and Pankowski, 2007) . Among others, we can cite 3D scanning methods and devices, reverse engineering of surfaces or any geometrical forms. Some other industrial engineering techniques usually used during the design stage of industrial objects can be useful. For example, virtual reality tools or any visualisation techniques can help to manage heterogeneous information and disseminate capitalised knowledge (Bernard and Ammar-Khodja, 2007) . This can be of significant help in enriching existing knowledge related to an object. It can also be useful for companies to gain leverage from their archives such as lost know-how. According significant importance to people in the process of interacting with information and knowledge would help improve industrial information systems such as the visualisation issues of PLM systems (Allanic et al., 2014; Lutters et al., 2014) . This aspect is discussed in more depth at the end of this paper.
One of the most crucial issues in CH is the curatorship process. It involves many kinds of information and various expertise skills (translators, archivists, historians, experts regarding the specificity of the object studied, etc.). This kind of problem is very similar to the PLM issues in industrial companies. Museums have to deal with both the management of CH object life cycle information and the sharing of this information among various actors. Nevertheless, each heritage object is unique, contrary to contemporary manufactured objects. Moreover, we have to manage incomplete, imprecise information. We need to capitalise the maximum amount of information so that we can further link it thanks to expert knowledge. This is also the case for CH research communities in general, driven by recent London Charter and Seville principles (EPOCH, 2009; Collectif, 2013 ):
• acquisition: legal information about CH objects
• research: scientific historical approach
• integration in information system
• promotion of created knowledge: process of transforming information to adapt to the public For each process, many actors are involved. Those actors have different and evolving expectations. In addition, they have different backgrounds, profiles and intervene in different contexts. Museums have to deal with a compromise between those expectations and their scientific objective, i.e., to conserve, study and promote CH objects.
In this context, a theoretical framework has already been proposed in the digital heritage reference model (DHRM) (Laroche et al., 2015) . The DHRM focuses on industrial archaeology and provides a methodology to capitalise knowledge related to old technical artefacts. This is why the implementation of DHRM introduces a slightly different definition of the product life cycle as the one usually used in industry. Involved concepts and knowledge capitalisation contexts are different. Based on this conceptual model and methodology, this paper proposes a framework for the design of a PLM for a museum. The main goal of this PLM system specialised in museology is to share information of complex CH objects and let people interact with such information using multiple access. This presents a new problem, especially about knowledge extraction modes and historical information visualisation.
Research aim: managing heterogeneous historical information
Accumulation of knowledge as explained in this paper would move towards a PLM system dedicated to museology, both for collections and museum's professionals. Moreover, interaction and multi-disciplinarity is evident in the museum world where skills are extremely varied and heterogeneous. However, they work towards a common goal: preservation and promotion of CH. It is therefore a source of knowledge that is waiting to be transmitted from generation to generation.
Three major issues are addressed in this paper: • evolutive and adaptative end user application: decorrelation from technological developments • sharing of knowledge for learning and connecting the museum's collection to available information • provide multiple access to museum professionals to share and interact during the different processes.
There is a need to ensure that visualisation techniques will be driven by historical knowledge as in and not act as standalone applications as prescribed by De Luca et al. (2011) . Our main motivation is to drive research related to the design of flexible conceptual models which are specialised in the design of such applications. Our approach proposes to obtain historical knowledge from different fields of expertise as in enterprise models. New trends in knowledge management appear to place humans as a critical factor. In the cultural industry, such an approach is more common, and leads to interesting results. We aim to provide a methodology, inspired by historians' research approach, which is very close to these methods. This means we have to deal with heterogeneous information and develop an approach mainly based on people's knowledge.
Capitalising historical knowledge involves working areas that do not usually communicate with each other. This leads to new processes of cooperation in the design of products and services:
• Products as implementation of cultural mediation devices, which in turn may become heritage objects.
• Services when creating new heritage preservation processes: 3D scanning, structuring documentary corpus, etc.
An overview of the skills needed has been given in the preceding sections of this document. However, a more in-depth study is shown below:
• Expertise on contemporary engineering tools. These tools will be used for the capitalisation of external data, but also for structuring information. The concepts involved may be different depending on the scope (archives, museums, libraries, industry, etc.). This kind of expertise includes mostly engineering skills: experts in modelling and 3D scanning and IT engineers.
• Expertise on the manipulated objects (mostly conservators)
• Expertise in the contemporary period of the object that leads to an understanding of its environment. This expertise comes mostly from historians, science and technology historians, and archivists for the corpus of documents. These skills are also required to translate the object's contemporary semantics into a current comprehensible language (contemporary to the heritage capitalisation stage). Here we see the importance of communication among businesses that usually do not communicate. In fact, each business adopts a vocabulary related to its own field of activity. From this point of view, we can assert that different occupations such as historians, engineers, conservators, computer engineers are able, under the banner of the common concern of preserving heritage, to communicate and work together. This can probably be explained by the common goal, but also by a shared passion that is a community's heritage. In fact, the heritage and history of a group (in the ethnological sense of the term) is a common root. This can also be seen through the passion that is observed among students working on a subject of history, and approaching it from many aspects (engineering schools, universities, etc.) • Expertise on the development and dissemination of information. This includes occupations related to cultural mediation, ergonomists, psychologists, cognitive scientists, or all occupations related to science communication, and data visualisation. This field is therefore also involved in automation or computer programming.
Multi-dimension framework to support PLM for museums
Methodology outline
In this paper, we describe a reproducible methodology described in Figure 2 and based on industrial engineering concepts for historical knowledge management in museums. It basically consists in a product-process approach. The product meta-model can be enriched and specialised through the different interfaces and different actor profiles in the system. Our methodology is integrative and collaborative. Actor profiles greatly influence data modelling and visualisation of information.
From an industrial point of view, our approach consists in generically solving the industrial problem in a museum; the design of mediation interfaces depends on the objects in the collection. We define here the different users and specifications required to implement a framework for the conservation and promotion of CH. This framework will be the core for the modelling, integration and dissemination of knowledge, specialising in historical heritage. We also show the various tasks and their level of automation. The methodology focuses on the modelling and integrating processes of historical data and knowledge related to CH objects. The global process needs to be interoperable with the museum's collection management system to ensure conservation and promotion purposes. This paper presents a complementary framework for museum collection management issues. The link created between historical knowledge and promotion applications supports existing decision processes within museum activities (fund-raising, indexing, content creation and validation, etc.). It can also enable the creation of new activities: connecting collection objects together, creation of customised and thematic paths in the museum, complementary visits outside the museum walls.
In this way, our proposal acts as an innovative contribution to museum issues, providing methods and tools for the management of CH life cycles. Nevertheless, this proposition goes further than the usual definition of PLM as we deal with both the museum life cycle and the object's past life cycle.
Framework initialisation
The first step consists in establishing a corpus of historical sources (Activity A1 from Figure 2 ). This corpus is relevant to the studied object(s). This step involves different experts such as historians, museum curators when the object is already part of the museum collection, and experts for the decryption of historical sources (technical drawings, plans, CAD files, foreign languages, etc.). Therefore, a multidisciplinary approach has to be set up in order to understand both external and internal views of the object. This activity (Figure 3 ) can be split into three parts:
1 the choice of a set of research hypotheses and subjects 2 identification of related and relevant historical sources for the analysis of research hypotheses 3 digitisation of historical sources so that they can be processed into a digital form. Part 1 consists in defining the needs and the historical context of the study (place, time, theme). These needs can evolve during the global process. This part will help to design the model of the framework which is related to historical knowledge (choice of class attributes, for example). Part 2 implies the identification of historical heterogeneous materials (photographs, written documents, archaeological evidence, etc.) from the archives. This inventory is mandatory to ensure the scientific validity of information. Part 3 helps to ensure the long-term preservation of documents, but also facilitates processing, promotion and dissemination of those documents.
As the framework needs to provide different levels of detail, it is important to capitalise the maximum amount of information during this first step. The idea is to start from existing and available information to let end user applications decide on the level of detail. One of our objectives is to highlight further research based on this collaborative and iterative knowledge construction. From an epistemological point of view, we provide new methods and tools for history and museology. The aggregation of expert knowledge leads to new research subjects that implies new knowledge, and so on.
This step is mainly carried out manually because it relies greatly on historical research methods. Using existing databases, supervised natural language processing techniques or reverse-engineering methods (form recognition, for example) could help with additional automation. Once again, our framework aims at providing complementary decision-support methods and tools for historical knowledge management.
Knowledge organisation system
The second step of our methodology consists in modelling and linking experts' knowledge with historical materials. Most processed materials are heterogeneous. Materials can be both physical objects and semantic information concerning these objects. Thus, this step deals with the complexity of historical information while being as close as possible to the working habits of the users of the system. This activity (Figure 4 ) can be split into four parts:
1 First of all, we need to choose the conceptual model relevant to the studies' specificities based on the research hypotheses stated in step 1. This part is prior to the modelling of the experts' knowledge. The model can still be adapted with further developments and the multiplicity of users.
2 Secondly, we organise knowledge elements. In order to keep the process closer to the experts' working methods, knowledge elements are modelled as items in the form of simple note cards with few attributes. These cards are similar to historians' monographs and are related to the different items relevant for the understanding of the context of the objects studied. Those items are organised and connected in the knowledge organisation system which is the core of the framework.
3 The third part is related to the integration of knowledge elements and corresponding historical material in the knowledge organisation system.
4 Finally, experts can visualise and interact with their connected knowledge elements. In this way, they can modify and validate the organisation in an iterative process before disseminating it through the different access interfaces. This activity enables both content validation (museum constraint) and versioning of information. It guarantees the traceability of information which is crucial in historical research. Typically, an involved expert can formalise his/her knowledge related to an item in the form of a note card that will be processed and organised among a network of many other items. Items can be of different types such as buildings, people, events, or even a specific historical subject. Then, the related note card can be modified or annotated. As far as museum processes are concerned, and even if curators and historians can work in a collaborative way, they can also work separately. Historians' knowledge can then be adapted to the museum discourse in a separate and internal process within museum activities.
Regarding modelling, knowledge management implies a diversity of points of view from contributors especially when dealing with historical facts. Thanks to the framework they can both annotate any items to discuss or complete some parts but they are also able to specialise the item by adding other attributes. Figure 5 represents the different classes involved in the process of organising historical knowledge related to a CH object. The resulting knowledge organisation system provides a way to understand the complex life cycle of such objects. It also provides access to different levels of detail depending on user research and available information.
• Item class is an abstract class specialising in the management of historical information heterogeneity. An item can be an object in the broadest meaning of the term: a physical object, a specific historical subject or a theme. This gives the possibility to represent, in the Knowledge Organisation System, the different aspects that are useful to the understanding of an object life cycle. But an item can also be a relationship. This particularity gives as much importance to a relationship as it gives to an object. The understanding of the context of an historical object relies on the understanding of the different relations between this object and its environment.
• Knowledge class contains the aggregation of cognitons related to a specific item and formalised in the form of note cards.
• Cogniton class is a conceptual class that differentiates the knowledge part provided by an expert or a group of experts and the aggregated knowledge for a specific item.
• User-actor illustrates the ability for a particular user to also interact and enrich the system. To give a conceptual overview of how this model can be used to support the methodology discussed in this paper, section [sec:example] proposes an example of the different class from the conceptual model used by historians. This example highlights how the proposed system can serve as a decision support system for actors involved in the conservation and promotion of archives and especially CH objects. Finally, part [sec:result] describes the result of the implementation of the methodology supported by our knowledge organisation framework on a concrete museum project.
Promotion and dissemination of knowledge
Promotion and dissemination of previously capitalised knowledge is the last step of the methodology. It enables museums to achieve their aim and also guarantees the possibility to enrich the system with further research and contributions. This step deals with the visualisation of connected items, associated knowledge and related historical documents (for experts). However, it also deals with the access and the understanding of information for external users (museum visitors).
Compared to the usual promoting applications, the framework provides the ability to drive interfaces by organised knowledge. Doing so, the interactive applications can be updated thanks to new contributions. This is one of the main issues shown in Section 2.1. Depending on contributors' profiles, information can be separately processed. This promoting step is also a capitalising step and interacting with the system leads to the creation of new knowledge that can be integrated into the system. This is great added value for the process of conservation of CH objects by the versioning and the update of existing historical information. Moreover, it can help to identify any missing information and lead to further research. It can also integrate new levels of detail for a specific item. The next section provides a detailed example of an operational framework for a history museum and a dedicated knowledge-driven interactive interface to promote a 100 year old scale model of the harbour of Nantes, France.
Historian working process example
To give the reader a proper view of the link with the model proposed in Figure 5 , classes involved are highlight.
Historians have a significant role in the process of CH identification and understanding. Let us look at historians in the framework mentioned above. Which processes is he involved in? In which way does the framework help him to capitalise his knowledge and how does it impact the whole conservation and promotion process?
The historian is mainly involved ahead of the museum process of conservation and promotion of CH objects. He mostly takes part in the contextualisation of the object. His work leads to a retrospective analysis of the object life cycle. Based on his research (for example, the organisation of a territory to support industrial and shipping activities in our use case), he defines a set of directions and gathers relevant historical documentation. Those documents constitute the initial corpus defined in step 1 (activity A1 in Figure 2) .
Next, the framework's knowledge organisation system will assist the historian in designing a data model depending on his research questions (activity A2 in Figure 2 . For example, he can define keywords or descriptive attributes relevant to his research activity: a description of a technical system, a geographical area, a socio-economic analysis, a harbour environment, etc. Every significant piece of information is identified as an item. These items can be objects such as points of interest, or any of the subjects mentioned above. Relations between those objects are also integrated into the system because of their importance in the analysis of the historian's research questions. It is part his/her usual research approach.
He then formalises his knowledge as he would usually do in a free written form but this time, the framework acts as a decision-support system by capitalising this knowledge. Every historian or expert involved formalises his knowledge in a simple form: a cogniton. This cogniton is attached to a specific context including the related expert. The sum of the actors knowledge is connected to the system (class knowledge). Doing so gives the ability to keep a traceability of the information collected. This is important from an epistemological point of view.
The integration of this work in the system finally provides the means of interaction and navigation. Thanks to connections created by the framework based on similar keywords or characteristics, the system gives the ability to identify new research questions and to explore historical information through different dimensions. Historians are eventually able to visualise their data (possibly linked to other works from other contributors) and interact: changing research hypotheses that would modify the model in activity A2, provide new pieces of information (under the form of annotation), add historical sources, etc. This part corresponds to activities A3 and A4 in Figure 2 .
To sum up, historians can navigate among virtual and real world information, through dedicated interfaces in order to interact and so enrich the existing knowledge basis. This statement is also valid for any other actor, assuming that the corresponding interfaces exist. Thus, user context should be integrated into the framework. The meta-models partially described in Figure 5 act as a support for historical research activities. It assists the reverse-engineering of a CH object context. Historians intervene during A1 and A2 as an active contributor, and during A4 as a passive user but also possibly as an active contributor. The framework helps to execute those steps, especially during the modelling and the visualisation/interaction phases. Moreover, the framework supports collaborative activities and interactions that are mandatory to properly gather the maximum amount of knowledge for the contextualisation of CH objects. The framework also provides some automation in the process of knowledge capitalisation and so avoids additional and tedious work.
Results from the experimentation related to the promotion of a 100-year old scale model
Context of the project
In 2008, Nantes history museum started a research and development project on a wooden model, exhibited inside the museum. This scale model ( Figure 6 ) designed in 1899 by Pierre-Auguste Duchesne for the World Fair in Paris in 1900, represents Nantes harbour at the very end of the 19th century. It is a great historical object, due to its size -9.20 metres long and 1.85 metres wide, but also due to the geographical area (approximately 7 square kilometres). Until our project was achieved, museum visitors could not interact with the mock-up, nor get any historical information about it (except for information provided by the traditional ten-line text label). The goal of the project was to design an interactive system, connected to a database in order to provide information to visitors and to enable museum actors to interact with structured information. The database includes both contributions from the experts and material from the general public: photographs, postcards, etc. The usual way museums create such interactive systems is to embed the historical content within the end user application. Doing so, there is no possibility to overcome technological issues such as obsolescence nor to make use of the knowledge created to design the application. Figure 7 [img:methodo] gives an overview of the innovative aspect of our project. Based on the conceptual framework described in Section 3, we introduce two intermediates steps. The meta-model of the object to promote gives those involved the ability to interact and to capitalise their knowledge. Once the available historical documents are organised and connected to formalised knowledge, any kind of promoting application can be designed. Finally, the end user applications are not dependent on the technology used, and various actors can interact with the framework. Through these interfaces, they can retrieve information depending on their use case context (museum visits, scientific purposes, real object advanced visualisation) or to capitalise new knowledge. 
An historical information system dedicated to museum
We have designed an information system, based on the methodology and the meta-model described in Section 3. This will enable us to manage heterogeneous historical contents, and other materials coming from the process of 'advanced industrial archaeology'. These documents can be classified into different types:
• 3D real objects such as the scale model itself.
• Virtual artefacts such as the 3D digitised model of the scale model (see Figure 8 ).
The digitisation has been done thanks to 3D hand scanners. Another digitisation has been done with photogrammetry techniques to provide a suitable high-definition picture for the museum public and the interactive interface.
• Audiovisual historical material like photographs, paintings, archives video or audio samples, first hand accounts.
• Textual material like bibliographic references and archives. This also includes information produced using knowledge from historians and curators. This information system can store both semantic and geometric data. We can therefore store the whole structure of an object (for example, a factory) from a macroscopic to a microscopic point of view. The system also provides links, or relationships that represent historians' knowledge. Visualisation of such knowledge is a complex task, from both the ergonomics and the computer programming points of view. Thanks to this framework, actors involved in the conservation and promotion process of CH objects can expand the amount of available information. By capitalising their knowledge, actor-users of the system can facilitate museum conservation and promotion activities. Information related to CH objects can be easily managed by the different museum teams. Updates in the system are then transmitted to connected interfaces. As far as museum professionals are concerned, the methodology has facilitated the design of such frameworks, based on an open database. This approach gives them the ability to add, modify and validate historical content but also to reduce the cost of designing final promoting applications. The historical knowledge is digitally stored and it can be reused for further projects.
On a more operational level, the database and interactive interface rely on free software (Postgres and PostGIS for semantic and geographical data, Kivy for multitouch interface design). Using dedicated software for the management of historical information and graphical assets has many benefits. On one hand, it gives the ability to index pieces of information to expose metadata on the web using mappings with metadata schemas such as Dublin Core. Data could then be accessed through API requests or harvested through OAI-PMH protocol. On the other hand, the amount of assets and information and links between information can be extended. The 3D digitised model, for example, is one of the existing assets and is partly used for the visitors interface but can be of great help for a virtual reality experiment or for curation purposes. Every information or asset has possible interest and could be further linked under supervision to other elements.
In this project, we collected information and historical material about 500 objects related to the history of Nantes' harbour. Based on these 500 points of interest, historians have produced knowledge under the form of written description, connections between objects and related assets. They have also pointed out corresponding areas on the physical model, on 3D digitised model and on modern maps. It represents years of historian work to collect such data so it needed to be sustained. Filling out the database is done thanks to a web interface with private access. Figure 9 gives an example of an administration web interface for the management of historical information related to museum objects. Connected and authorised users can access different functionalities:
• historians or curators can add new information based on their research or fund-raising. It can be added through different interfaces: a map-based interface, text-based interface, and various other forms depending on the information (iconography, bibliography, etc.). The content can be linked semi-automatically to existing data thanks to the identification of term co-occurrence;
• curators and museum mediators (learning officers) can discuss integrated information with annotation tool, modify and validate it. They provide an adapted version of information dedicated to museum visitors. Finally, they can validate it through an internal validation process. Once it has been validated, connected interactive interfaces (see [sec:interface] ) are updated;
• anonymous visitors can access the validated information and propose a personal contribution (research or own documents, for example). In addition to this main objective, our framework also acts as a decision-support system for historians. Once they are authenticated in the system, they can work on their own dataset. This dataset is a subset of the network created within the framework modelled in Figure 5 . Based on this concept-knowledge space, we now want to identify the knowledge-mining modes of historians. This means identifying the ways the system will interact with historians whether they want to consult or to fill in information.
Knowledge-driven interface for interactive visualisation
The proposed interface for the promotion of the scale model within the museum walls is composed of a knowledge database, the historical object, and some visualisation devices: touch-screens and video-projectors (see Figure 11) . In fact, due to the process we applied throughout the project, we can now imagine many other interactive applications: virtual worlds, augmented reality, web application, etc. One of our main objectives has been achieved. The knowledge organisation system is able to sustain the documentation about a CH object and can constitute the core of a PLM system for museum collections. Further documentation can be added and discussed among experts and every object in the museum collection can be managed in the same way this scale model is managed. The system is scalable, and the historical material is free from technology evolution, contrary to most museum promoting systems. Scalability is provided by semi-automatic processes, whether it concerns 3D model acquisition and treatment (automatic semantic recognition algorithms) or content updates of visualisation applications. The basic use case concerns a single visitor. He/she can navigate through the main interface by zooming, panning, and selecting a place (see Figure 10) . First, user can touch any part of the 2D map related to the part of the scale model that is in front of him ( Figure 11 ). The harbour has been divided into main parts (districts) and sub-parts (individual buildings or entities). Once the visitor has selected an area, the main part is highlighted with related content. Then, the sub-parts of the district are highlighted and can be selected. Once he selects an area, the system displays the available related content in a carousel ( Figure 10 on the right) and videoprojection highlights it on the scale model (see Figure 10 on the left photo). Graphical assets can be zoomed and the text can be re-sized depending on user abilities. Some related points of interest are also underlined to give some navigation clues for the visitor. Non-geographical elements are displayed at the bottom of the screen. They enable visitors who select a particular bridge or street to see all the bridges/streets on the physical scale model. This leads to serendipitous navigation based on our semantic network (Figure 12 ). To face the impossibility of exhaustive knowledge regarding such CH object, we give the ability to visitors to contribute. If some areas are not documented or not well documented, visitors get a message on the touchscreen inviting them to let curators know if they have personal interesting documents. The projection feedback is ensured by the 3D model: every information related to a specific area on the scale model is linked to geographical coordinates and 3D coordinates. Once some area is selected by the user, implemented software makes the calculation of the physical part of the model to highlight based on the related part in the 3D digitised model. Although visitors can actually only see a 2D map of the model on touchscreens, To illustrate the modular aspect provided by our framework, a specific back-office has also been built next to the museum system to help the museum team in their guided tours. Museum guides can, in fact, choose the content to display in advance. In doing so, they will take control of the desired screens (possibly all of them) in front of the object thanks to a RFID badge. The RFID chip contains every ID previously selected by the museum staff. The system will then be able to display selected items on the screen to the group of visitors. It will help the guide illustrate his presentation. Notes: Thanks to our framework, the visitor interface can be enriched with additional content. The cultural heritage object can, in fact, be questioned using different themes.
In addition, the system can be enriched by experts and the general public as explained in the previous section. This is a significant aspect because we cannot ensure that the whole knowledge related to the object was capitalised in the first iteration. We thus allow the system to capitalise future knowledge. This is a major innovative aspect of our approach to the museum world.
The use of such promotion applications would generate new knowledge, for example, that the system has to take into account for its new knowledge reference basis. We also have in mind to improve the system so it can assist researchers in their work. For example, it may provide decision help while doing research on a particular historical subject.
This application has been evaluated with the support of the museum experts. Despite the first short learning phase, the evaluation shows that such a system significantly improves the understanding of the exhibited scale model. It brings new ways of interaction with CH objects and broadens the visit outside of the museum. Visitors interact with the object while expanding their knowledge. This learning is facilitated by our augmented reality system.
Discussion
In this paper, we have discussed museology issues when dealing with historical knowledge and how PLM approach can be customised for CH objects. From the modelling aspects to the dissemination of knowledge, many activities and actors are involved. Heterogeneity is one of the main characteristics as far as CH is concerned.
The main challenge is to provide multiple and more or less personalised access to CH. Museums are facing an important problem related to the wealth of CH and visitor expectations. Most of the applications are one-shot designed. The lack of generic approaches to assist the process of knowledge creation and dissemination in the field of museology was the main reason for us to design our framework.
State of the art has shown plenty of existing CH digitisation and promotion projects. However, they focus either on the acquisition process (photogrammetry, 3D scanning techniques) or on the dissemination process (3D visualisation, virtual reality, semantic web access). Some recent works have shown the potential of web ontologies and semantic web technologies to efficiently model historical and CH data. The main objective of such work is to provide crossings between the different repositories and to make computers able to perform inferences. Nevertheless, the process of modelling data with ontologies does not suit the working methods of historians and curators. It implies an a priori model of the subject area agreed on by everybody. We designed our methodology by focusing on actors involved in their daily activities. By doing so, the dissemination of data, thanks to semantic web techniques, can be one of the final possibilities using model mapping techniques.
Two main issues in our approach can be underlined:
1 the connection of new information in the existing network.
2 the retrieval of information depending on the context.
For the first one, we have to deal with multiple actors having multiple points of view. This implies different writing methods and different vocabularies. We have answered this question with the ability to annotate the different items in the system. Furthermore, museums have the possibility to create a dedicated content for their purpose. But as far as historians' research is concerned, we should implement new mechanisms for indexing information. One of our ideas currently in progress is the integration of natural language processing techniques. By extracting terms in a new document, we are able to identify its characteristics and index it within the existing network based on co-occurrences. We could also implement automated processes based on inferences (other kinds of knowledge). But we need to ensure that such a process is supervised by experts. This would guarantee the robustness of the system when the model evolves.
For the second one, we need to manage different levels of detail. For now, we only deal with one geographical level of detail (city harbour) combined with multiple temporal levels of detail. We should be able to integrate further levels of detail, for example, on a specific object (building, company, people, etc.) . One of the advantages provided by our system is that it enables historians and curators to identify such research leads. Visualisation techniques can highlight any lack of information (missing documents, untrusted sources, imprecise information) and point to further research questions. Finally, to display information properly during the research, the information retrieval process should take the context into account. By context, we mean user context (profile, knowledge, background, age, etc.) as proposed by, and situation context (research work, serendipity, etc.). For instance, only serendipity is considered as the user can explore available information as he wants. It is important to notice that this is a chosen objective. Our system is designed not only to provide expected information but also unexpected information.
Conclusions
The complexity of historical artefacts is different from contemporary manufacturing of industrial products. Models used by business enterprises, even if they are complex and sometimes difficult to implement, do not take into account the extended time of life-cycles and do not require as many viewpoints as historical objects.
This paper presents our scientific proposition to handle museology issues: a framework for knowledge management for CH. Our framework acts as a decision support system for museology. It is complementary to classical history working methods and museum activities. It helps to improve the conservation and promotion of CH objects.
This framework contributes to: • Scalability of knowledge (temporal aspect)
• Heterogeneous and multi-dimensional relationships (affiliation, history relationships, geographical relationships) • Interoperability of knowledge (multidisciplinary exchanges)
• Re-usability of the framework (independent of the nature of the project) This proposition has been applied to a museum project for the promotion of a CH scale model. A proof of concept has been fully demonstrated and evaluated. It has proven its efficiency for both museum teams within their daily activities and the design of promoting applications for museum visitors. It helps to capitalise the context of a CH object, support experts during the conservation and promotion process and enhance the possibilities of promoting such a heritage. Based on our results, we can validate the reproducible aspect of the method to other museum objects. It can lead to a real and more complex network of information in order to create further semantic connections between objects throughout the visit in and outside the museum. Moreover it provides museum curators with the ability to drive end user interfaces using knowledge and to capitalise it. Furthermore, it can be used to provide more interaction for visitors. Many fields of application can be involved: museography, archives, urbanism, engineering (design and reverse-engineering, innovation), archaeology, historiography. Finally, it can help to foresee new ways of innovation in product design if historical knowledge is considered . If the capitalisation phase is done early in the product life-cycle, it will be much easier to anticipate the CH phase.
